Total phenolic compounds (TPC) extraction from the seed and total monomeric anthocyanins (TMA) extraction from the skin of "Sabará" jabuticaba were optimized with simplex lattice designs for solvent mixing, and the extraction time was optimized by univariate design. The optimum conditions for the extraction method were ethanol:water (60:40 v/v) solvent for TPC (seed) and methanol:water:acetic acid (80:20:0.5 v/v/v) solvent for TMA (skin). For both compound groups, the optimum extraction time was 30 min. The TMA yield for the skin of the "Sabará" variety was 1172.16 mg cyanidin-3-glycoside equivalents per 100 g freeze-dried sample, and for TPC in the seed, it was 86.50 mg gallic acid equivalents per 1 g freeze-dried sample. Both optimized extraction protocols proved to be extremely fast, simple, inexpensive and to have excellent extraction performance. The optimized protocols were compared with two other methods described in the literature and they were also applied to study the TMA contents in skin and the TPC contents in seed of five other varieties of jabuticaba, harvested in 2014 and 2015.
Introduction
Jabuticaba is commonly found in Mata Atlântica, a Brazilian biome, but it can grow in a large variety of soils and environmental conditions. 1 Due to the high yields, rusticity, high commercial value of fresh fruits and use in prepared juices, jellies, and other products, jabuticaba has aroused the interest of farmers. 2 Jabuticaba fruit consists of a subgloboid-berry covered by a smooth and light darkpurple or black skin with one to four seeds in the flesh. 3, 4 In addition, the fruit is rich in phenolic compounds that are found mainly in the skin. 5 A progressive interest in studying the phenolic compound activity, especially the anthocyanins, in small fruits extracts has increased due to the positive correlation between consuming these fruits and decrease in cardiovascular problems 6 and other chronic diseases. 7 These compounds can act like primary antioxidants, reacting directly with free radicals and giving way to a less reactive radical than the initial free radical, or they can act as secondary antioxidants, restoring or enhancing other antioxidant systems. Anthocyanins are among the most well-known natural pigments and are functional compounds that add value to food. 9 Additionally, they can be used as substitutes for synthetic food coloring in the food industry. 10 Anthocyanins exhibit numerous biological activities, including anti-inflammatory, 11 anti-cancer, 12 anti-mutagenic, 13 chemopreventive, 14 and antiviral activity, 15 among others. Several methods of extraction for phenolic compounds, including anthocyanins, are found in the literature, 16 along with optimization of their extraction. 17 However, few studies have focused specifically on optimizing the extraction of total phenolic compounds (TPC) of the jabuticaba seed and total monomeric anthocyanins (TMA) of the jabuticaba skin. Moreover, the great majority of the studies are based on the skin, and we only found one study that optimized the TPC extraction of the jabuticaba seed. 18 The available protocols for these purposes, even those that approached the optimization of the extraction method, require very long extraction times and processes not accessible to all laboratories.
It is known that the extraction stage of matrix compounds is one of the most important phases in the food analysis process because it is always preferable to extract the compounds of interest as selectively and exhaustively as possible. 19 Thus, the use of experimental planning makes it possible to study extraction variables simultaneously. In addition, besides evaluating each individual variable, it is also possible to determine some synergistic and antagonistic effects resulting from the interactions among the studied variables. 20 Keeping in mind that jabuticaba has high levels of phenolic compounds, especially anthocyanins, and that these compounds have beneficial effects, it is very important to develop a fast, simple, cheap and efficient method to extract these compounds.
Thus, this study aimed to optimize the extraction protocols for TPC from seed and TMA from the skin of the "Sabará" jabuticaba by multivariate experimental design with easily accessible solvents and simple methods. The optimized extraction protocols were then applied to five other jabuticaba varieties for the following determination of TPC and TMA.
Experimental
Samples "Sabará" (Myrciaria jaboticaba (Vell.) O. Berg) (SF) and "Paulista" (Myrciaria cauliflora (DC.) O. Berg) (PF) jabuticaba samples were provided by Grupo de Produtores Rurais Fagan, located in Lagoa Branca, São Paulo (21°46'26" S, 47°05'11" W and 684 m of elevation) in October 2014 and 2015. Other samples of "Sabará" (Myrciaria jaboticaba (Vell.) O. Berg) (SFP), "Coroada" (Myrciaria coronata Mattos) (CFP), "Híbrida" (Myrciaria cauliflora (DC.) O. Berg) (HFP) and "Pintada" (Plinia ssp.) (PFP) jabuticabas were provided by F. P. Frutas e Plantas, located in Araçoiaba da Serra, São Paulo (23°30'19" S, 47°36'51" W and 625 m of elevation) in October 2014 and 2015. Fruits samples were hand-processed to separate seed and skin, which were frozen at -22 °C, freeze-dried, vacuum-packed and stored at -22 °C. The freeze-dried samples were ground to a fine and homogeneous powder to be used to prepare the extracts.
Extraction optimization of TMA from skin and TPC from seed in "Sabará" jabuticaba (SF) Evaluation of solvent effects by simplex lattice design (SLD)
The efficiency of the extraction with different proportions of solvents was studied aiming to determine the combination that produced more efficient extraction. Methanol, ethanol and water solvent mixtures were chosen to extract TPC from the jabuticaba seed and TMA from the jabuticaba skin because these solvents have been shown to produce efficient extraction, as demonstrated by previously published studies, [21] [22] [23] [24] and are accessible to all research laboratories.
The multivariate statistical technique for optimization of mixtures, simplex centroid design with axial points, allows analysis of all proportions of solvents (0-100%) using a reduced number of experiments. In addition, it allows examination of possible interactions between the variables. 25 All conditions tested are shown in Supplementary Information (SI) Table S1 .
The different conditions studied in this trial form a triangle, with pure components at the vertex representing 100% of one of each solvent. Middle points in each side represent a binary mixture (1:1), the center point represents a ternary mixture (1:1:1), and axial points represent 2/3 of one of the solvents and 1/6 of the others. Thus, this kind of design allows the evaluation of linear and quadratic models of response.
2 h in a shaking water bath at 30 °C, centrifuged, filtered in Whatman paper No. 1, and re-extracted two more times under the same conditions, using 25 + 25 mL of the extraction solvent in the proportions under study. The extracts obtained in the three extractions were combined, taken to a volume of 100 mL in a volumetric flask.
The TMA and TPC were the two evaluated responses, and the procedures are described in the sub-section below.
The solvent ratio that resulted in the optimal TMA response of the jabuticaba skin and TPC of the jabuticaba seed was fixed for further univariate optimization of the extraction time.
Validation of the predicted optimal solvent composition The extraction solvent was validated using seven replicates (n = 7) under the same conditions previously mentioned, but instead, the optimum solvent mixture was used to extract TPC and TMA from the jabuticaba seed and skin, respectively.
Univariate optimization of extraction time
The time was the last variable to be optimized using a univariate optimization procedure. At this stage, the optimum solvent mixture conditions for skin and seed were evaluated with the goal of reducing the extraction time. The following times were tested: (i) 2 h of extraction and 2 h of re-extraction; (ii) 2 h of extraction and 1. Comparison of the optimized extraction method in this work with other described methods
The optimal and validated conditions obtained in our study were then compared with the methods described by Alezandro et al. 25 and by Santos et al. 27 Three independent replicates were performed for each experiment.
Procedure for TMA from jabuticaba skin extracts TMA content was determined by the pH-differential method described by Giusti and Wrosltad. 28 The method consists of two dilutions of the sample in two buffer systems: potassium chloride, pH 1.0 (0.025 mol L ). The dilution factor for the samples was determined using potassium chloride buffer, pH 1.0, until the absorbance of the sample at the maximum wavelength (520 nm) did not exceed 1.2. Two dilutions of the sample were prepared, one with potassium chloride buffer, pH 1.0, and one with sodium acetate buffer, pH 4.5; both had the same dilution factor. Samples were left to stabilize for 15 min, and the readings were taken at 520 and 700 nm wavelengths.
Sample absorbance and TMA concentration were calculated according to Giusti and Wrosltad. 28 TMA samples were expressed in mg equivalent of cyanidin-3-glycoside per 100 g of freeze-dried sample (mg c-3-g 100 g -1 d.w.).
Procedure for TPC from jabuticaba seed extracts
Seed TPC was determined according to the FolinCiocalteu method adapted by Singleton et al. 29 An aliquot of 25 μL of sample was added to 125 μL of Folin-Ciocalteu reagent, diluted 1:10 (v/v) in distilled water, and added to the wells of the microplate. After a 5 min wait, 100 μL of 7.5% sodium carbonate solution (m/v) was added. After 2 h at room temperature, the sample absorbance was measured at a 760 nm wavelength. Gallic acid was used as the standard, and the results were expressed in mg equivalents of gallic acid per gram of freeze-dried sample (mg GAE g -1 d.w.). We also decided to employ this procedure to determine TPC in the skin extracts of five more varieties of jabuticaba.
Application of the completely optimized protocols for the analysis of other jabuticaba varieties
Our completely optimized protocols for TMA extraction from jabuticaba skin and TPC extraction from jabuticaba seed were used for the seed and skin extracts of five more jabuticaba varieties, from two crop years (2014 and 2015) and described in the "Samples" sub-section, in order to determine the TPC of the seed extracts and the TMA of the skin extracts of these other varieties. The varieties were "Paulista" (Myrciaria cauliflora (DC.) O. Berg) (PF), "Sabará" (Myrciaria jaboticaba (Vell.) O. Berg) (SFP), "Coroada" (Myrciaria coronata Mattos) (CFP), "Híbrida" (Myrciaria cauliflora (DC.) O. Berg) (HFP) and "Pintada" (Plinia ssp.) (PFP). The extracts were prepared and analyzed in triplicate. We also analyzed TPC contents in the jabuticaba skin extracts, only as an additional information. TPC and TMA procedures were the same as described above and used in the experiments of the optimization sub-section.
Principal component analysis (PCA) and statistical analysis PCA was used to better exploit the results obtained from the seed TPC and skin TMA analyses. The pre-processing used was autoscaling, and the selected components number was two. The analysis was performed with Matlab 30 and PLS_Toolbox 31 softwares. All data were subjected to the analysis of variance (ANOVA), and the means were compared by Tukey's and Student's t-tests (p < 0.05) using the Statistica 7.0 software.
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Results and Discussion
Optimization of the solvent composition for TPC extraction from jabuticaba seed and TMA extraction from jabuticaba skin
In this study, we used two experimental designs using mixtures of methanol, ethanol and water to optimize the extraction of the jabuticaba seed TPC content (design 1) and the extraction of the jabuticaba skin TMA content (design 2; in this trial, the solvent mixtures were acidified with 0.5% acetic acid). Table S1 (SI section) provides the full results for optimization of the solvent mixture.
The lowest seed TPC extraction efficiency was recorded for trial 11 (100% water), followed by trials 9 (50% ethanol, 50% methanol), 1 (100% ethanol), 3 (16.6% ethanol, 16.6% methanol and 66.6% water), and 10 (100% methanol). In contrast, trials 7 (33.3% ethanol, 33.3% methanol and 33.3% water), 8 (16.6% ethanol, 66.6% methanol and 16.6% water) and 6 (66.6% ethanol, 16.6% methanol and 16.6% water) had the highest extraction efficiencies. However, the best solvent mixture for extracting seed TPC was 60% ethanol + 40% water, as seen in the quadratic response model presented in Figure 1 and in the predicted values (Table 1 ). Morelli and Prado 33 verified that the best solvent mixture to extract TPC from grapes was 60% ethanol and 40% water in an ultrasonic bath. The use of ethanol as a solvent to extract TPC was also reported in other studies. 27, 34, 35 Regarding the extraction of skin TMA, trial 11 (100% water + 0.5% acetic acid) showed the poorest results, followed by trials 1 (100% ethanol + 0.5% acetic acid) and 9 (50% ethanol + 50% methanol + 0.5% acetic acid). The best results were obtained in trials 8 (16.6% ethanol, 66.6% methanol, 16.6% water + 0.5% acetic acid) and 4 (33.3% ethanol, 33.3% methanol, 33.3% water + 0.5% acetic acid). However, to extract skin TMA, the best response was obtained using 80% methanol + 20% water acidified with 0.5% of acetic acid ( Figure 1 and Table 1 ).
The methanol:water solvent mixture to extract jabuticaba anthocyanins was also reported by Wu et al., 36 Alezandro et al., 25 and Batista et al. 37 However, in these studies, the solvent mixture optimization was not performed by multivariate design, and consequently the solvent proportions differ from those used in our study, which reports the best solvent mixture for extracting jabuticaba skin TMA.
Experimental validation of the optimal mixtures of solvents predicted in the optimization
To validate the optimized solvent mixtures for extracting TPC and TMA of jabuticaba seed and skin, respectively, we performed 10 extractions (n = 10), using 60% ethanol + 40% water for seed and 80% methanol + 20% water, acidified with 0.5% of acetic acid, for skin. All of the obtained results in these extractions were in agreement with the predicted model values and the other parameters as verified by ANOVA (Table 1) .
Univariate optimization of the extraction time
For the optimization of the extraction time trials with jabuticaba seed TPC and jabuticaba skin TMA were performed. For both extractions, 8 options were analyzed, starting with a total of 4 h (extraction + re-extraction) and decreasing to a total of 30 min (extraction + re-extraction). Table 2 .
The extraction of jabuticaba seed TPC and skin TMA was not statistically and significantly different by Tukey's test; the extraction process that was performed for 4 h had the same efficiency as that performed for 30 min. With these results, it was possible to reduce the extraction time in 3.5 h, which is excellent and saves the analyst's time and decreases both the electric energy expenditures and equipment wear. It should be noted that the method optimized in this research study is an excellent alternative for researchers that are working with anthocyanins and phenolic compounds because most of the methods found in the literature are usually very long.
Thus, the extraction procedure and optimized time were as follows: 0.5 g of freeze-dried sample (seed or skin) were weighed, and 50 mL of ethanol/water extractive solution (60:40, v/v, for phenolic compounds) were added. This extract was shaken for 15 min in a shaker at 150 rpm at 30 °C. The residue was re-extracted once more in 50 mL of extractive solution for 15 min. The skin anthocyanin content extraction followed the same procedure described above using methanol/water/acetic acid (80:20:0.5, v/v/v) as the extractive solution. The extracts were centrifuged at 1614.95 g for 10 min and filtered on Whatman paper No. 1, and the filtrates were combined and calibrated to a volume of 100 mL in a volumetric flask.
Comparison of the optimized extraction method with other methods reported in the literature
In this study, the "Sabará" jabuticaba seed TPC and skin TMA were extracted using three extraction methods: the optimized method, the method described by Alezandro et al. 25 and the method described by Santos et al. 27 All results for these analyses are shown in Table 3 .
The optimized extraction method in this study was not significantly different (89. 15 25 The last two methods had efficiency higher than 80% for extracting phenolic compounds and 93% efficiency in extracting anthocyanins; the optimized method reduces the extraction time in 1.5 h. Keeping these results in mind, the optimized extraction methods proved to be an excellent method for extracting the seed TPC and skin TMA from jabuticaba fruit; the methods had high efficiency for extracting the compounds of interest, is extremely fast, practical and simple, and uses solvents and equipment found in most research laboratories.
TPC and TMA evaluated in five jabuticaba varieties
The optimized extraction protocols validated in our study were applied to obtain extracts of skin and seed of five other jabuticaba varieties (SFP, PF, CFP, HFP and PFP), harvested in two crop seasons (2014 and 2015), totalling 24 samples. The TPC of the seed extracts and the TMA of the skin extracts were then analyzed for all these varieties, using the same procedures used to analyze the extracts of the optimization experiments. We also decided to analyze the TPC present in the skin extracts obtained by our protocol, as an additional information, because jabuticaba skin can also present other phenolic compounds apart from the anthocyanins, which are the main components. The obtained results for all these varieties are presented in Table 4 and Figure 2 .
The data presented in Table 4 were used for PCA. The data were arranged in a 36 × 3 dimension matrix with the samples in the 36 rows and the variables in the 3 columns. The 36 rows correspond to the triplicates for the measured variables in the varieties in both crops (2014 and 2015). Results are mean values (n = 3) ± standard deviations. The same lowercase letters represent no significant differences between the total phenolic compounds contents, the same capital letters represent no significant differences between total anthocyanins monomeric contents (at 95% of confidence (p ≤ 0.05) by Tukey's test); b total phenolic compounds contents expressed as mg of gallic acid equivalent g -1 freeze-dried sample; c total monomeric anthocyanins contents expressed as mg of cyanidin-3-glycoside equivalent 100 g -1 freeze-dried sample. TPC: total phenolic compounds; TMA: total monomeric anthocyanins.
The varieties are described by abbreviation in the PCA scores graph, and the symbols describe the two crops. The variables used for exploratory analysis were the TMA of the skin and TPC of the seed and skin. Although the number of variables in this stage of the study was not high, the use of PCA allowed a better visualization of the data in a twodimensional graph (PC1 × PC2), thus justifying its use. The loadings graph showed how each variable influenced the position of the samples in the score graph. All samples remained in the model since outlier samples were not found. Analyzing the scores graph using the 2014 and 2015 crop seasons (Figure 2a ) together, the loadings graph (Figure 2b ) and the data in Table 4 verify that the skin and seed TPC are the variables that were most highly positively correlated with PC1, but the loadings were not very high (approximately 0.6-0.7).
Regarding PC2, the most correlated variable was skin TMA, with a considerably high loading (greater than 0.9). Comparing the two crop seasons, practically all the samples had a higher content of skin and seed TPC in the 2015 crop, indicating that the levels of TPC and skin TMA in jabuticabas are strongly influenced by the crop season due to several environmental factors, such as rainfall, drought, temperature, soil conditions and others.
The results obtained in the varieties of the CFP and PFP seed, both of the 2015 harvest, and the PFP and SFP skin also belonging to the 2015 harvest, were those with the highest concentration of total phenolic compounds when compared to the other varieties studied here. SF and SFP jabuticabas harvested in 2015 were the samples with the highest anthocyanin content. The HFP jabuticaba harvested in 2015 had more phenolic compounds in its skin than in its seed, whereas the CFP jabuticaba harvested in 2015 had considerably higher values of phenolic compounds in skin and seed. In contrast, the PFP jabuticaba harvested in 2015 was verified to have the lowest anthocyanin content. However, a higher concentration of phenolic compounds was found in skin and seed. PFP jabuticaba harvested in 2014, compared to the SF and SFP jabuticabas harvested in 2015, had considerably lower anthocyanin content, and similar results were verified for the HFP jabuticaba harvested in 2014. The SF jabuticaba harvested in 2014 had a lower concentration of phenolic compounds in its skin and seed and lower concentration of anthocyanins in comparison to the SFP and CFP jabuticaba fruits harvested in 2014. Regarding the results found for PF jabuticaba, in both crop seasons (2014 and 2015), this variety had the lowest content of phenolic compounds and anthocyanins in comparison to the other varieties analyzed in this study.
In addition, there are studies on only "Sabará" and "Paulista" jabuticabas varieties. The "Pintada", "Híbrida" and "Coroada" jabuticabas varieties have not been studied to date, and this first work investigates these varieties.
Hacke et al. 18 reported 8.65 g GAE 100 g -1 d.w. in "Paulista" jabuticaba seed, a result that is in agreement with this study for "Paulista" jabuticaba harvested in the 2014 and 2015 crops season (7.20 and 11.91 g GAE 100 g -1 d.w., respectively).
In contrast, for the "Sabará" and "Paulista" jabuticabas, it was reported that the skin TMA contents were 350 and 450 mg c-3-g 100 g -1 d.w., respectively. 25 However, these results are lower than those found in the present study for the same variety: 1172. 16 Santos et al. 27 reported TPC and anthocyanin contents of 33.97 mg GAE g -1 d.w. and 533 mg c-3-g 100 g -1 d.w., respectively, in jabuticaba skin. For "Sabará" jabuticaba, Batista et al. 37 found a TPC value of 113.80 mg GAE g -1 d.w. and a TMA value of 1737.12 mg c-3-g 100 g -1 d.w., corroborating the results obtained in this study for the 2014 crop season. However, for the 2015 crop season, the results were higher than those recorded in 2014. It is probable that the results were influenced by the changes in growing and environmental conditions in both crop seasons. For "Sabará" jabutica skin, Silva et al. 38 reported total anthocyanin content of 21.60 mg c-3-g 100 g -1 d.w., which was lower than the one found in this study, which again confirms the efficiency of the extraction method used here.
All analyzed varieties in this study had considerably higher concentrations of TPC and TMA, and these results are very important since phenolic compounds are extremely beneficial to health.
Conclusions
Using ternary mixture designs, we were able to optimize the extraction solvent composition for the obtainment of jabuticaba seed extracts with the highest content of TPC and jabuticaba skin extracts with the highest TMA content. The mixture for extracting TPC from jabuticaba seed consisted in ethanol:water (60:40, v/v). For the TMA extraction from jabuticaba skin, the mixture consisted in metanol:water (80:20, v/v), with an additional 0.5% (v/v) of acetic acid. Subsequently, using our optimized solvents, we also achieved the extraction time reduction from 4 h to 30 min, for both jabuticaba skin and seed, with no difference in the TMA and TPC contents obtained. In comparison with other two extraction methods presented in the literature, our protocols reduced the extraction time, and thus reduced expenses with energy supply, equipment, and analyst time. Our optimized protocols also had high efficiency for extracting phenolic compounds from seed and anthocyanins from skin of five jabuticaba varieties available in Brazil.
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